ABSTRACT The base-plate solder fatigue of the IGBT module is one of the failures of the wind power converter; however, the existing health condition monitoring method based on infrared thermography is difficult to be applied to the actual applications. In this paper, a health condition assessment method of the base-plate solder fatigue for the IGBT module is introduced based on the case temperature difference. First, according to the structure of the IGBT module, a 3D finite element model is established, and the junction and case temperatures at different delamination degrees are investigated. Second, for defining the degradation degree, identifying the steady-state process, and acquiring the case temperature, an assessment method of the base-plate solder fatigue based on the case temperature difference is established. Finally, taking the experiment of a practical wind turbine converter IGBT module as an example, the assessment process of base-plate solder of the IGBT module is demonstrated, and the results show that the proposed assessment method is correct and effective.
I. INTRODUCTION
The IGBT module is the essential part of wind power converter [1] - [3] . However, failure rate of IGBT module, which reaches more than 30% [4] , [5] , is much higher than other parts [6] . Because wind turbines suffer long-term, frequent and wide range of random output changes, energy conversion unit continues to afford severe thermal stress impacts [7] - [9] , and the alternating thermal impacts generated between the layers of IGBT module will cause fatigue cracks in the solder layer and solder off. In order to obtain the health conditions of IGBT module early, it is necessary to study the temperature distribution law and condition evaluation of IGBT module in wind power converter.
The solder layer of IGBT module includes chip solder layer and base-plate solder layer. Compare with the chip The associate editor coordinating the review of this manuscript and approving it for publication was Ramani Kannan.
solder, the base-plate solder delamination can change the temperature distribution of entire IGBT module, moreover, the lifetime and reliability of IGBT module are seriously influenced. Currently, the solder delamination study of IGBT module is in the initial stage, and its temperature distribution and monitoring methods are mainly focused. In the research aspect of temperature distribution of IGBT module, In [10] , [11] , the relationship between delamination degree of baseplate solder and corresponding temperature are obtained by establishing a 3D finite element model of IGBT module, and the results indicate that the failure possibility of IGBT module will increase when the delamination degree is greater than 50% [11] . In literature [12] , the failure behavior of solder joint is discussed; the effects of voids on the thermalmechanical characteristic are analyzed. Results indicate the max value of thermal stress locates on the edge of solder layer and the martin of void, and the junction temperature increases exponentially with the radius of the void. In terms of condition monitoring research, the literature [12] proposed a method based on temperature gradient for evaluating the operation conditions of solder layer, however, considering that the actual IGBT modules are generally placed into the converter, it is difficult to obtain the surface junction temperature gradient through the infrared monitoring equipment, which is more difficult in practical application. The IGBT module bears different varieties of thermal stress fatigue load, therefore, the health condition is gradually deteriorating in the course of long-term operation. When the phenomenon of base-plate solder delamination appears, the internal physical structure of IGBT module is changed, and the IGBT module junction temperature and case temperature are further increased [13] , [14] , which change the chip case temperature and the degree of thermal coupling among the chips. In literature [15] , based on the case temperature, the thermal resistances are calculated by using the power loss model, and a condition monitoring method of single-chip IGBT device is proposed by using changed thermal resistance. However, the multi-chip IGBT module, due to the difference in the spatial position of the chip and the thermal coupling between the chips, is difficult to calculate the junction temperature accurately by the loss model, furthermore, it is difficult to obtain the thermal resistance changes. Therefore, it is necessary to study the characteristics of base-plate solder delamination, and health condition assessment method of base-plate solder for multi-chip IGBT module in wind power converter should be proposed and be easy to use.
The contributions of this paper include presenting a health condition assessment method of base-plate solder for multichip IGBT module in wind power converter based on case temperature difference. In Section II, according to material characteristics parameters of an actual wind power converter IGBT module, a 3D finite element model of IGBT module is established. In Section III, the changes of junction temperature and case temperature of IGBT module under different delamination degrees are studied. In Section V, a health condition assessment method of base-plate solder for multichip IGBT module is proposed. In Section VI, a case is investigated to validate the proposed method. In Section VII, the conclusion is presented.
II. IGBT MODULE OF WIND POWER CONVERTER AND ITS FINITE ELEMENT MODELING A. IGBT MODULE STRUCTURE OF WIND POWER CONVERTER
In this paper, an IGBT module of 1.5 MW WTGS wind power converter (ID: Infineon FF450R17ME4) is as the object to research. The rotor-side converter (RSC) of wind power converter, as shown in Figure 1(a) , consists of two groups of three-phase full-bridge circuit in parallel. Figure 1(b) shows that each phase upper and lower bridge leg includes an IGBT module and its drive circuit board. The module contains six IGBT chips, which is shown in Figure 2 (a). Each IGBT chip is connected in parallel with a Free-Wheeling Diode (FWD) chip, connecting via the aluminum bonding wires as well. The IGBT chips of upper and lower bridge leg are placed in series, and the IGBT module is on a water cooled radiator. In addition, Figure 2 (b) shows that the structure of the layer of the IGBT module includes seven layers. Both the copper and ceramic layers comprise the direct bonded copper layer, which is connected to the base-plate by the solder. Each layer of the IGBT module has different coefficients of thermal expansion (CTE), which result in the occurrence of alternating thermal stress between the two layers with temperature changes [11] - [13] . This kind of CTE mismatch causes fatigue cracks, which affect the heat dissipation of the IGBT chips. The concentration of extra temperature and the severe mechanical deformations enlarge the area of fatigue cracks and cause the desquamating part of the base-plate solder.
B. FINITE ELEMENT MODELING OF IGBT MODULE
The finite element modeling is divided into three steps: building the geometric model of IGBT module, assigning the material property and setting the electro thermal coupling physical field boundary condition [16] .
(1) Building the geometric model of IGBT module. According to the structure and size of the IGBT module ( Table 1 [17] ), the geometric model of IGBT module is established using the geometrical design tool of COMSOL Multiphysics, and the established 3D finite element model is in Figure 3 .
(2) Assigning the material property. According to the material parameters of the IGBT module in Table 1 , the material values of the constructed finite element model are assigned. Especially, because the equivalent resistance value of silicon is affected easily by the temperature, the equivalent attribute values of silicon are assigned based on the IGBT module technical information in Table 2 . (3) Setting the physical field boundary condition. Considering the operational characteristics of IGBT module is affected mainly by electro-thermal coupling physical fields, in the boundary condition aspect, the IGBT chips, copper layer near chips and bonding wire as the heat sources are assigned. Besides, the heat dissipation of IGBT module is only through the bottom cooling surface, and the ambient temperature is set to 20 • C.
III. THERMAL ANALYSIS OF IGBT MODULE UNDER THE BASE-PLATE SOLDER DELAMINATION A. TEMPERATURE DISTRIBUTION OF IGBT MODULE UNDER THE BASE-PLATE SOLDER DELAMINATION
Because the IGBT chip's conduction voltage and conduction loss are relatively larger than the FWD chip's, in this section the FWD may be neglected, and the IGBT chips of upper bridge leg inside IGBT module as the research object may be selected. In order to reduce the simulation time, the bonding wires of FWD chips and IGBT chips of lower arm are removed in Figure 3 , before the finite element simulation is carried out. Furthermore, In order to grasp the temperature distribution of the IGBT module, the concept of desquamating degree is introduced to characterize the degree of solder delamination [13] , which is the proportion of the remaining area to the total area of solder layer, and the different desquamating degrees are shown in Figure 4 . When the desquamating degree of base-plate solder layer is 0%, 8%, 17%, 34%, respectively, the conditions of base-plate solder delamination are shown in Figure 5 .
When the conduction current is 50A, the junction temperature distribution of IGBT module under different desquamating degrees is shown in Figure 6 by the finite element simulation. When the desquamating degree is 8%, compared with no damage condition in Figure 6 (a), the junction temperature of IGBT chips has no significant change, just the junction temperature of chip M is slightly higher than the chip on both sides 3∼4 • C. Moreover, when the shedding degree is 17% and 34%, the junction temperature has a significant increase. Since the position of chip L is close to the left edge of the IGBT module, compared with chip R, the junction temperature of chip L change is more obvious, when the shedding area of left and right side layer is same. Since the base-plate solder under the chip L is almost entirely shed off when the desquamating degree is 34%, the heat transfer path has changed dramatically, and the junction temperature of chip L rises to 243.34 • C.
In addition, when the desquamating degree is 0%, 8%, 17%, 34%, the case temperature distribution of the IGBT module is shown in Figure 7 . Compared with no damage condition in Figure 7 (a), the maximum case temperature change of each chip is not obvious, the case temperature of chip M rises by only 0.45 • C. Because solder delamination gradually results in the increase of thermal resistance, the concentrated heat have to be dissipated in the central part of IGBT module through the remaining non-shedding base-plate solder. When the shedding degree is 17% and 34%, the highest case temperature of each chip has increased differently, and the junction temperature of chip M increase by 10.7 • C and 32.41 • C respectively. 
B. ANALYSIS OF TEMPERATURE DIFFERENCE AMONG IGBT CHIPS
When the junction temperature change of IGBT chip with time around a temperature value fluctuates regularly, the IGBT chip can be considered that the temperature is in the steady state stage. The RSC generally is controlled by the SVPWM strategy [18] , and the conduction time of phase current through the IGBT chip account for 1/2 cycle. When the effective value of phase current is 50A, the frequency of phase current is 5Hz and the initial junction temperature of IGBT ship is 20 • C,by the finite element simulation the junction temperature and case temperature are shown in Figure 8 (a). After transient process about 15s, the junction temperature and case temperature turn into the steady state stage; their fluctuation process is shown in Figure 8(b) , and the junction temperature and case temperature of chip M are higher than other chips. In addition, compared with the temperature fluctuation of junction temperature, case temperature fluctuations are smaller. Besides, the stability of temperature difference, as shown in Figure 8 (c), is basically similar, the temperature difference T ML between chip M and chip L is about 1.5 • C, and T MR is about 3.9 • C. In summary, no matter how fluctuate the case temperatures, the steady-state case temperature remains relatively constant. Therefore, it is possible to consider the steady-state temperature difference as an effective characteristic quantity for reflecting the heath condition of base-plate solder.
IV. ASSESSMENT METHOD OF BASE-PLATE SOLDER OF IGBT MODULE A. ASSESSMENT MODEL OF BASE-PLATE SOLDER OF IGBT MODULE
(1) Chip positioning
Considering that the early solder delamination occurs first at the four corners of the IGBT module, all IGBT ships should be named respectively. In Figure 6 the two IGBT chips are called chip L and chip R, which are closest to the left and right sides of the IGBT module. In addition, the chip, called chip M, is selected from the center IGBT chip in the IGBT (2) Acquiring steady state case temperature of IGBT chip The change of operation condition will cause the internal temperature distribution of IGBT module to change. In order to obtain the steady state case temperature, the processes is made and introduced as follows.
Firstly, extracting case temperature time series data (T 
Finally, when T In order to obtain the normal case temperature values under different operation conditions, a 3-layer BP neural network model of 3-input and 3-output is established (Figure 9 ). The input parameters are the conduction current I c , the cooling water temperature T cool , and the cooling water flow rate V cool , and the output parameters are T BL , T BM and T BR . The case temperature data of new IGBT module may be generally considered as the normal data, and these normal case temperature data are used as training samples of BP neural network.
(4) Degradation degree for base-plate solder With the base-plate solder shedding off, the junction temperature of the chips L, R, M will rise to varying degrees. In general, the left and right side of the solder will appear different shedding degrees. The more the shedding area is, the higher the case temperature is. Therefore, compared to judge by both monitored two sides case temperature and its normal case temperature, the maximum temperature difference can represent the deterioration condition of the base-plate solder. In order to quantify the degradation of base-plate solder, the concept of deterioration degree is used, and the temperature difference between the chips is adopted to reflect the base-plate solder degradation. The formula of deterioration degree g is,
where, T BMi = T BM -T Bi , (i = L, R). Based on Classification of wind turbine assessment indicators in literature [19] , the deterioration degree is divided into four grades: 
B. EVALUATION PROCEDURE OF BASE-PLATE SOLDER OF IGBT MODULE
Based on the case temperature time series data of the IGBT chips L, R, and M, after determining the steady-state case temperature, the deterioration degree is obtained according to calculation flowchart of degradation degree in Figure 10 . Firstly, the on-line conduction current I c , the cooling water temperature T cool , and the cooling water flow rate V cool are as the input of BP neural network model. Secondly, determine the measured case temperature of the left and right sides of IGBT ship and their temperature difference based on the normal case temperature. Thirdly, If T LL is greater than T RR , the left side of desquamating degree is larger. According to the measured temperature difference between the left and the normal temperature difference, the degradation degree is calculated by the formula (2). On contrary, through the right side of the measured temperature difference and the normal temperature difference, the degradation degree is calculated by the formula (2).
V. EXPERIMENT VERIFICATION A. INTRODUCTION OF THE EXPERIMENT PLATFORM
In order to verify the validity of the established finite element model and the proposed evaluation method, according to experiment in [13] , using the wind turbine converter platform from a converter company, adding a 1 mm thick metal plate under the bottom of IGBT module, installing the temperature sensor at the bottom of each IGBT chip, the shedding process of base-plate solder is simulated by changing the area of the metal plate. The smaller the area of the metal plate is, the greater the desquamating degree is. The experimental platform and its electrical structure are shown in Figure 11 , which mainly include a RSC, a gird side converter, a cooling device, an inductive load. The control system of wind power converter can adjust the cooling water flow rate, amplitude and frequency of phase current, and monitor the cooling water temperature and other parameters. The DC power supply V dc is provided through the gird side converter and DC link, and the resistor and inductor is as the circuit load. Using the open-loop control with SVPWM strategy, the experimental IGBT module turns on and off orderly. The IGBT module VT 1 is taken as the experiment object, the conduction current and the case temperature of each chip of VT 1 are collected by the current and temperature monitoring equipment, and the monitoring parameters and acquisition equipment are shown in Table 3 .
B. VALIDATION OF FINITE ELEMENT MODEL VALIDITY
In this section, the validity of established finite element model is proved by the comparison between the calculated and monitoring case temperature, when the base-plate solder is no damage. In Figure 12 , three temperature sensors are fixed at the bottom of tested IGBT module by the slotted metal plate, and the tested IGBT module and the slotted metal plate are installed together with heat-conducting glue. In addition, the IGBT module and its drive circuit board placed on the cooling device, as shown in Figure 1(b) . When the RSC current is set to 30A, 50A and 75A respectively, the monitored case temperature are shown in Figure 13 . Figure 13 indicates that when the IGBT module is turned on, as in Figure 8 , the case temperature rises to steady state after a brief transient process (about 60s). In addition, the steady-state case temperatures of each chip rise with the increase of current gradually. Comparing the calculated values of finite element simulation in Figure 14 with the monitored in Figure 13 , under the same current excitation, the case temperature difference is extremely small.
The steady-state temperature difference of each ship between the simulated and the monitored conditions are in Table 4 under different currents. It can be seen from Table 4 that the relative case temperature difference of each chip is slightly different, the reason is that the simulation values is obtained by the ideal current excitation and heat dissipation conditions. Besides, the actual IGBT module is also affected by many factors, such as, cooling conditions, the measurement accuracy of temperature sensor, and so on.
From the above comparison, the case temperature change trend of both the simulated and monitored is similar, and both kinds of temperature value are almost equal. Therefore, the established 3D finite element model is valid.
C. VALIDITY OF ASSESSMENT METHOD OF BASE-PLATE SOLDER
(1) Sample acquisition and validation of BP neural network It takes a long time to obtain a large number of experiment samples, therefore, using the established finite element model, the sample training data needed to the BP neural network are obtained. Because the wind power converter for experiment is two parallel structures and its IGBT modules need to reserve a large working margin, which are generally 2-3 times of the maximum conduction current, therefore, the actual conduction current range of each IGBT module should be is 50∼100A.
When the desquamating degree is 0%, the currents are 50A, 60A, 70A, 80A, 90A and 100A respectively, the cooling water temperatures are 20 • C, 30 • C and 40 • C respectively, cooling water flow rate are 0.75 m/s, 1 m/s and 1.25 m/s respectively, the finite element simulation is carried out, and the simulation data as training samples are obtained. Comparison of steady state case temperature in Table 5 indicates that the absolute value of maximum error is 2.38%. In addition, the temperature difference between the calculated and the monitored is only 1.2 • C. Therefore, the trained BP neural network can meet the accuracy requirements.
(2) Calculation of deterioration degree of base-plate solder fatigue.
In order to verify the validity of the proposed assessment model, the several stages of base-plate solder fatigue are simulated by cutting the four corners of the metal plate. In Figure 15 , the left and right sides of metal plate are cut symmetrically, and the cut area account for the original area of 17%, namely, the desquamating degree is 17%.
When the conduction currents are 30A, 50A and 75A respectively, the range of cooling water temperature is 21∼21.5 • C, the cooling water flow rate is 1m/s, the changes of monitored case temperature are shown in Figure 16 .
Based on the Figure 14 , the steady state case temperature of two conditions, which are both desquamating degree 0% and 17%, are listed in Table 6 . Compared with the condition of desquamating degree 0%, when desquamating degree is 17%, under different currents, the case temperature increase in different degrees, especially, T M has the largest increase, which are 4.3 • C, 10.0 • C and 13.2 • C respectively.
Based on the assessment process in section III.B, the calculation steps of deterioration degree are as follows. According to the Table 5 , the steady state case temperature of deterioration degree 0% is obtained by the BP neural network, when the current is 30 A, 50 A and 75 A. Moreover, the steady state case temperature difference T BML and T BMR are calculated, as shown in Table 7 .
2) Obtaining the steady state case temperature difference under different desquamating degrees According to the case temperature data in Table 6 , the monitored T ML and T MR are obtained under different currents, as shown in Table 7. 3) Determining deterioration conditions of base-plate solder According to the data in Table 5 and Table 6 , the value of T LL and T RR can be calculated and listed in Table 8 . Due to the result of T LL >T RR , the left side base-plate solder of IGBT module is more deteriorated than the right side.
4) Results of deterioration degrees
According to the calculation flowchart of degradation degree in Figure 10 , based on the data in Table 5 and Table 7 the assessment results of base-plate solder are calculated and shown in Table 9 . Under different excitation currents, the results are slightly different, and the range of deterioration degree is 0.6591∼0.7255. According to regulation of deterioration degree grade in section III.A, the assessment rank of base-plate solder should be ''Alert''. In addition, according to the reference [11] , when the desquamating degree is greater than 50%, the power module failure probability is larger. Hence, when the desquamating degree is 17%, it is reasonable that the assessment rank of base-plate solder is ''Alert''.
VI. CONCLUSIONS
In this paper, an IGBT module of wind turbine converter is taken as the research object, and a health condition assessment method of base-plate solder fatigue for IGBT module based on case temperature difference is proposed. The major conclusions after analyzing results is given as follows: 1) With the increase of desquamating degree, the junction and case temperature of all IGBT chips rise. Compared with the junction and case temperature on both sides of IGBT chip, the middle chip temperature is highest. 2) By comparing the monitored and simulated data, the 3D finite element model is validated. Besides, the finite element simulation data are used as the training samples for the BP neural network, and the simulation data of case temperature can meet the requirement of proposed assessment model. 3) The case temperature difference as the characteristic quantity can be used to reflect the base-plate solder health condition of multi-chip IGBT module. Using the proposed assessment method, the deterioration degree of base-plate solder for multi-chip IGBT module can be obtained effectively. Furthermore, the proposed assessment method could be used to the condition monitoring and control of wind turbine for the health management, which is helpful in improving operation and maintenance strategies which further to increase the operational reliability for wind turbines. 
